To evaluate whether body mass index (BMI) and other anthropometric indices of visceral obesity vary by ethnic group in their distribution and their relationship to metabolic abnormalities. DESIGN: Cross-sectional study. PARTICIPANTS: Canadian men and women, aged 35-75 years, of South Asian (n ¼ 342), Chinese (n ¼ 317), European (n ¼ 326) and Aboriginal (n ¼ 301) descent were recruited using stratified random sampling. PRIMARY MEASURES: Anthropometric indices (BMI, waist to hip ratio (WHR) and waist circumference (WC)), metabolic markers (fasting glucose, HbA1c, the ratio of total cholesterol/HDL) and clinical markers (systolic blood pressure) were assessed. RESULTS: In subjects with BMIo30 kg/m 2 , the mean marker levels in people with elevated WC (488 cm in women, 4102 cm in men) vs people with normal WC were 6.16 vs 5.34 mmol/l for fasting glucose, 6.05 vs 5.66% for HbA1c and 5.46 vs 4.68 for the ratio of total cholesterol to HDL (Po0.001 in each case). At nearly every given level of BMI, non-European ethnic groups displayed significantly higher marker levels than Europeans. For example, for a given BMI, age and sex, the difference between European and non-European groups in HbA1c levels was 0.53% (95% confidence interval (CI): 0.37-0.69) for South Asians, 0.37% (95% CI: 0.2-0.54) for Chinese and 0.95% (95% CI: 0.78-1.12) for Aboriginal People. CONCLUSIONS: Uniform cut-points for the classification of obesity using BMI, WHR or WC result in marked variation in the levels of glucose-metabolic abnormalities between ethnic groups. Existing action thresholds for these anthropometric indices do not apply to non-European ethnic groups and warrant revision.
Introduction
Cardiovascular disease (CVD) is the major of cause of mortality in developed nations, and intriguing variations in CVD between ethnic groups exist. 1 It is likely that ethnic variations in risk factor profiles and CVD rates are due to both genetic and environmental factors. In order to develop ethnic-specific CVD prevention strategies, the relationship of obesity and visceral obesity to CVD risk factors and CVD requires elucidation. Obesity is a strong risk factor (relative riskb3) for diabetes (DM) and dyslipidemia, a moderate risk factor (relative risk 2-3) for coronary heart disease (CHD) and hypertension, 2 and shares a linear relationship with all-cause mortality. 3 The
World Health Organization has suggested that body mass index (BMI), the ratio of body weight in kilograms to height in meters squared, is a simple anthropometric index of overweight and obesity, and is suitable for use in population surveys. 2 Although it is acknowledged that more precise methods to quantify body fat exist, the BMI is easy to measure and is widely used for categorizing individuals as overweight (25 . 2 These thresholds were derived primarily by visual inspection of the curve relating BMI and mortality in predominantly Caucasian populations. 2 However, a large body of evidence suggests that BMI classification thresholds have a variable relationship with the percentage of body fat and the prevalence of risk factors for DM and CVD between people of varying ethnic origin. [4] [5] [6] [7] A recent WHO consultation on the use of BMI in Asian populations concluded that the proportion of Asian people with a high risk of DM and CVD is substantial at BMIs lower than the existing WHO cut-point for overweight, although due to a paucity of data no clear BMI thresholds to define overweight and obesity in Asian populations were made. 8 Visceral obesity is associated with an increased risk of abnormal glucose-insulin metabolism and dyslipidemia characterized by low HDL-cholesterol and high triglycerides. Visceral obesity is more prevalent among non-European ethnic groups. 2 For example, South Asians, Aboriginal
People and Hispanic populations demonstrate a marked tendency to develop abdominal obesity with weight gain. [9] [10] [11] [12] However, few data exist relating the level of visceral obesity to CVD risk factors or CVD across ethnic groups. Two simple anthropometric indices of visceral adiposity include the waist circumference (WC) and waist to hip ratio (WHR). WHR provides an estimate of abdominal obesity that is adjusted for the stature of the individual by dividing the waist circumference by the hip circumference. In addition, the hip measurement may provide a crude measure of gluteal muscle mass. Perhaps due to its relative simplicity, WC is more commonly used as a measure of abdominal obesity, being incorporated by consensus statements such as the Adult Treatment Panel III criteria for metabolic syndrome and the National Heart Lung and Blood Institute guidelines on obesity. 13, 14 Proposed action thresholds for a substantially elevated WHR are 0.85 in women and 1.00 in men, 2 and for WC are 88 cm in women and 102 cm in men. 15 The aims of this study are to: (1) examine the distribution of the three conventional anthropometric indices of body weight and fat distribution (BMI, WHR and WC) in a randomly sampled group of South Asians, Chinese, Europeans and Aboriginal People living in Canada, and (2) assess if the relationship between BMI and visceral obesity (WC, WHR) with CVD risk factors (ie systolic blood pressure and markers of dysglycemia and dyslipidemia) varies by ethnic group.
Design and methods
The Study of Health Assessment and Risk in Ethnic groups (SHARE) and SHARE-AP (Aboriginal People) were crosssectional studies designed to explore variations in conventional and novel risk factors for DM and CVD in a multiethnic population in Canada. 10, 11 People of European, South Asian, Chinese and Aboriginal ancestry were randomly sampled from four communities in Canada between 1996 and 2000 as previously described, and a standard protocol was used to study all ethnic groups. Among subjects eligible for the study, 59% of South Asians, 69% of Chinese, 79% of Aboriginal People and 62% of Europeans participated. 10, 11 Ethical approval was obtained from the McMaster University Institutional Review Board.
Anthropometric and clinical measurements
Standing height was measured in bare feet to the nearest 0.5 cm. Weight was measured in light clothing with a platform scale, to the nearest 200 g. The scale was standardized to 0 before each use. WC was taken to the nearest 0.1 cm with a standard tape measure over the abdomen at the smallest diameter between the costal margin and iliac crest. Hip circumference was measured to the nearest 0.1 cm with a nonstretchable standard tape measure. Measurements were taken over light clothing at the level of the greater trochanter (usually the widest diameter around the buttocks). For both waist and hip circumferences, the tape measure was kept horizontal and just tight enough to allow the little finger to be inserted just under the tape. Two measurements were taken and the average was used for this analysis. Blood pressure was taken using a standard mercury sphygmomanometer from the right upper arm with the subject seated quietly for at least 5 min. Two readings were taken, one at the beginning and the second at the end of the interview process, and their average was used for this analysis.
Collection and storage of blood samples All subjects undertook an 8-h fast before blood samples were drawn. Samples were immediately stored on dry ice and centrifuged and aliquotted within 1 h. Storage and analysis took place at core laboratories in Hamilton, Canada. HbA1c was measured using a 765 Glycomat analyzer employing low-pressure cation exchange chromatography in conjunction with gradient elution to separate hemoglobin subtypes and was associated with a coefficient of variation o4%. Total cholesterol and glucose were measured using enzymatic methods, 16, 17 LDL cholesterol was calculated, 18 and HDLcholesterol was measured after precipitation of vLDL and LDL fractions. 19 
Statistical methods
All analyses were performed using SPSS Version 11.1 and Microsoft Excel Version 9.0. Sex and age adjustment was accomplished by using age (continuous) and sex in multiple linear regression models as independent predictors for each dependant variable. Residuals from this model were considered to be independent of predictors. ANCOVA was used to determine whether mean marker and anthropometric index levels were different between ethnic groups while Differences in relationships between obesity and glucose-metabolic abnormalities F Razak et al controlling for other variables. Percentages were compared through the normal approximation to the binomial distribution corrected for continuity. 20 In order to examine the distribution of anthropometric indices within each ethnic group, cumulative distribution curves were generated among female and male subjects for BMI (Figure 1 ), WHR and WC (Figure 2 ).
Results
Between 1996 and 2000, 342 South Asians, 317 Chinese, 326 Europeans and 301 Aboriginals were randomly sampled from four Canadian centers. A total of 35 subjects were excluded from this analysis, nine due to missing values and the remaining 26 due to errors in the recording of anthropometric values. Demographic characteristics and selected biochemical and physical measurements are presented in Table 1 . Briefly, Aboriginal men and women had substantially higher BMI, WHR and WC relative to other ethnic groups. In all ethnic groups, WC and WHR were greater among men compared to women (Po0.001). Fasting glucose and HbA1c were highest among Aboriginals and South Asians compared to Chinese and Europeans, even after individuals with previously diagnosed diabetes were excluded. The ratio of total cholesterol/HDL was highest among South Asians and this difference between ethnic groups persisted after exclusion of subjects with previously diagnosed dyslipidemia who were receiving treatment. Levels of systolic blood pressure were similar among ethnic groups; however, after exclusions of subjects with previously established hypertension who were on drug treatment, there was slight variation between ethnic groups (P ¼ 0.043), with South Asians and Europeans having the highest values followed by Aboriginal People and then Chinese. Considering all of these factors, the prevalence of metabolic syndrome varied substantially between ethnic groups, with a significantly greater prevalence in Aboriginal People compared to all other groups, and South Asians and Europeans having a greater prevalence than Chinese (Table 1) . Finally, a far greater percentage of Aboriginals were in the lowest income strata earning less than $20,000 Canadian per year. Comparing South Asian and European men, similar values of WHR were observed, and South Asian men had significantly lower WC. WHR and WC values were markedly lower in Chinese men relative to all other ethnic groups and only 7.1% had a value 4102 cm compared to 69.5% of Aboriginals ( Figure 2 ).
Ethnic variation within categories of BMI and WC
Within each ethnic group, the distribution of subjects within categories of BMI (Z30 vs o30 kg/m 2 ) and WC (high vs normal) was examined ( The mean level of all demographic indicators, biochemical and clinical markers (except systolic blood pressure) and anthropometric indices were significantly different between ethnic groups (Po0.001). Following exclusion of subjects with previously diagnosed hypertension, mean levels of systolic blood pressure were significantly different between ethnic groups (P ¼ 0.043). After exclusions of subjects with previously diagnosed diabetes, levels of fasting glucose and HbA1c remain different between ethnic groups (Po0.001) as do the levels of the ratio of total cholesterol/HDL after exclusion of subjects previously diagnosed with elevated cholesterol (Po0.001). 4%) ), although the numbers are small in this latter group. Similar results were found in the distribution of subjects within BMI and WHR categories (data not shown).
Comparison of the relationship between anthropometric indices and risk factors
The relationship between the anthropometric index and each biochemical or clinical marker was examined by comparing the percentage increase in median marker level over quintiles (pooled over all four populations) of BMI or WC ( Figure 3 , similar results were found across quintiles of WHR). Owing to the sex differences in distribution of anthropometric indices displayed in Figures 1 and 2 , quintile cut-points for BMI and WC were derived separately for men and women. The proportional increase in marker levels across index quintiles was found to be similar in men and women (data not shown), therefore the data were pooled. Of all biochemical and clinical markers, the ratio of total cholesterol/HDL consistently showed the greatest increase in median level between the 1st and 5th quintile of anthropometric index, ranging from 34.1% (1.37 units) increase across quintiles of BMI to a 38.1% (1.46 units) increase across quintiles of WC. The increase in marker levels across quintiles of BMI was similar to the increase across quintiles of WHR or WC. Total Cholesterol/HDL Fasting Glucose Systolic Blood Pressure HbA1c Figure 3 Percentage increase in median levels of fasting glucose, HbA1c, total cholesterol/HDL and systolic blood pressure across quintiles of BMI or quintiles of WC in men and women. Similar results were found over quintiles of WHR (data not shown). After exclusion of subjects with hypertension on treatment and adjustment for age and sex, the odds of undiagnosed hypertension comparing the 5th to 1st quintile of BMI was 2.4 and 5th to 1st quintile of WC was 2.3. Further adjustment of marker levels for ethnicity moderately weakened these results; however, the general trend observed using only age and sex adjustment was maintained and significant differences were still observed in four of eight comparisons (data not shown). Similar results were observed in mean marker levels across BMI and WHR categories and when marker levels were further adjusted for ethnicity (data not shown).
Differences in relationships between obesity and glucose-metabolic abnormalities

Ethnic variation in risk factors across quintiles of BMI
To examine the ethnic variations in biochemical and clinical markers relative to a given level of anthropometric index, the median level of each marker was examined over quintiles of BMI (Figures 4 and 5 ). All markers were adjusted for age and sex in a pooled model. Extensive variation was observed in the median marker level over quintiles of BMI. With the exception of systolic blood pressure, all non-European ethnic groups displayed higher levels of the marker relative to Europeans for nearly every level of BMI. Systolic blood pressure values in Aboriginals were generally lower than other ethnic groups over BMI quintiles. Similar plots were also observed when WHR and WC quintiles were related to risk factor levels. As an example, Figure 6 examines ethnic variation in HbA1c levels over WC or WHR quintiles (data not shown for other markers). Similar ethnic variation was also observed for triglyceride levels over quintiles of BMI, WHR and WC, with generally lower levels in Europeans compared to other groups (data not shown).
To quantify the ethnic variation observed in Figures 4 and 5, the mean difference in markers levels between nonEuropean ethnic groups and Europeans was calculated at a given BMI after controlling for age and sex (Table 4) . For example, levels of fasting glucose were higher in Aboriginals compared to Europeans by 0.99 (95% CI: 0.7-1.29) mmol/l, and levels of the total cholesterol/HDL ratio were higher in South Asians than Europeans by 0.71 (95% CI: 0.47-0.95) units independent of BMI, age and sex. In separate age and sex-adjusted models, ethnic differences in mean marker levels were of comparable magnitude to those observed in Table 4 after adjusting for WC, while the ethnic variation appeared somewhat reduced after adjusting for WHR (data not shown).
Discussion
There were three major findings in our study. First, a marked variation in the distribution of three commonly used anthropometric indices between four major ethnic groups was observed. Second, overall and within ethnic groups, increases in any of the adiposity indices were associated with elevations in fasting glucose, HbA1c, total cholesterol/HDL ratio and systolic blood pressure. In addition, within categories of BMI, increases in abdominal obesity were related to marker levels, whereas increases in BMI within a specific WC/WHR category had little effect on marker levels. Finally, at any given level of BMI, non-European individuals have higher levels of metabolic risk factors.
Distribution of anthropometric indices
Aboriginals and Chinese had the largest and smallest values of both BMI and abdominal obesity. This finding is supported by other studies in which, the burden of overweight and obesity among Aboriginals is substantial. 21, 22 Intriguing ethnic differences were observed. First, South Asian women were considerably more abdominally obese than European women. Second, a similar proportion of Chinese were abdominally obese as Europeans. Third, South Asian men also had high rates of abdominal obesity relative to their statureFwhich was reflected by overlapping WHR 23 Finally, in our study, BMI was higher in men than women for Europeans, Chinese and Aboriginal People; however, the opposite was observed in South Asians. This intriguing sexethnic variation was also observed by McKeigue et al 9 in
British Europeans and South Asians and the source of these differences merits further study. When subjects were classified simultaneously by BMI (Z30 kg/m 2 , o30 kg/m 2 ) and WC (elevated, normal), extensive ethnic variation emerged in the relative distribution between the four categories. Compared to Europeans, significantly more South Asians with elevated WC would be considered low-risk for CVD and glucose-metabolic abnormalities if BMI was used as the sole index of adiposity. This result re-enforces the importance of inclusion of measures of abdominal obesity, particularly in populations that are prone to develop android obesity. 9 The cut-points for elevated WC of Z88 cm in women and Z102 cm in men were derived in a Caucasian population to match the BMI threshold of Z30 kg/m 2 but have been recently advocated for use in the general population with no consideration of ethnicity. 14, 15 Our results indicate that 58.8% of South Differences in relationships between obesity and glucose-metabolic abnormalities F Razak et al increases between 1st and 5th quintile with either BMI, WC or WHR. Consistent with the observations of others, we found that within both nonobese and obese subjects, increasing WC was related to increasing risk factor levels. 25 However, we have shown that within WC categories, the difference in mean marker levels in subjects with BMIZ30 kg/m 2 compared to BMIo30 kg/m 2 was only modest.
This result is particularly relevant for ethnic groups such as South Asians, where a substantial proportion of subjects with elevated WC would be missed by using BMI alone. Therefore, given (i) the predictive power of measures of abdominal obesity over and above estimates of general obesity and (ii) the importance of accounting for predisposition towards abdominal obesity within certain ethnic groups, 9 if only a single anthropometric index of obesity is to be used in clinical practice, our data support the choice of either WC or WHR over BMI. Although gathering abdominal measures of obesity is slightly more complex than the simple and routine weight and height measurements required for BMI, they can be performed reliably (interclass correlation coefficients 40.90) even among subjects of widely varying degrees of adiposity.
26
Ethnic variation in the relationship of BMI to risk factor levels Extensive ethnic variation was observed in the relationship between BMI and each biochemical and clinical marker. With the exception of systolic blood pressure in Aboriginals, at every level of BMI, non-European ethnic groups displayed consistently higher marker levels than Europeans. The disparity between marker levels of non-European and European ethnic groups was present even for subjects in the lowest quintile of BMI (o21.9 kg/m 2 in women and o23.5 kg/m 2 in men), well within the normal range for this index. Therefore, as non-European groups begin to demonstrate aspects of a disturbed metabolism at BMI values that are currently considered low risk, the inappropriateness of a uniform BMI cut-point for classification of CVD risk and risk factors across various ethnic groups becomes apparent. Differences in relationships between obesity and glucose-metabolic abnormalities F Razak et al Furthermore, these results imply that at a given level of BMI, South Asians, Chinese and Aboriginals will demonstrate higher rates of dysglycemia and dyslipidemia than Europeans, and that South Asian and Chinese will also demonstrate higher levels of hypertension than Europeans. Therefore, the current projected increase in CVD and DM using BMI in many developing countries may be an underestimate of the real problem. Given that individuals of South Asian and Chinese descent constitute nearly one-half of the global population and that demographic trends project that by 2015 more than two-thirds of these individuals will live in urban environment that are characterized by a positive imbalance between energy consumption and expenditure, 30, 31 our results bear particular significance.
Our data suggest that as South Asian and Chinese populations increase in body weight and reach levels similar to European populations, the difference between these groups in the prevalence of metabolic abnormalities may be substantial. The variation in risk factor levels between ethnic groups may be partially driven by differences between ethnic groups in percent body fat at a given BMI. 7 Recent evidence suggests that the proportionality of weight/height 2 may not be the optimal exponential relationship in some non-European ethnic groups. 32 However, we observed similar ethnic trends over quintiles of WHR and WC and consequently the The low systolic blood pressure among Aboriginals despite high levels of general and abdominal obesity is intriguing. Although this phenomena is not well understood, a recent analysis comparing normotensive Pima Indians and Caucasians observed that despite higher levels of obesity among Pima Indians (BMI ¼ 32.2 vs 27.8 in Caucasians), their levels of systolic and diastolic blood pressure were significantly lower than Caucasians. 34 The authors postulate that a lack of increase in muscle sympathetic nervous activity with increasing adiposity and insulin levels may explain the lower blood pressure levels despite higher levels of obesity and hyperinsulinemia.
A recent WHO consultation on BMI in Asian populations suggested potentially lower action thresholds for classifying increased risk for CVD and DM at a BMI of 23.0 and high risk at a BMI of 27.5. 8 Subsequently, a large nationally representative study of Chinese adults reported optimal cut-points for BMI of 24.0, and WC of 80 cm in men and womenFfar below the currently employed values. 35 More evidence is required to confirm the optimal cut-points for people of Chinese and South Asian origin. There are a number of possible limitations to our analyses. First, SHARE and SHARE-AP were cross-sectional studies and consequently we cannot determine the temporal nature of the relationships we observed. Second, although nonresponders and participants were similar in most important demographic characteristics, we were not able to examine whether most of the variables employed in this analysis systematically varied between these groups. 10 However, the proportion of responders among those eligible to participate in SHARE was similar between ethnic groups. Third, there were marked differences in socioeconomic status between ethnic groups in our studies, with Aboriginals particularly at disadvantage, and this must be taken into account when examining the causes of the significant variation in obesity levels between ethnic groups. Finally, our sample size was insufficient to conduct some subgroup analyses, such as the distribution of subjects within BMI and WC categories by sex-ethnic group.
In conclusion, marked differences in the distribution of anthropometric indices of generalized and abdominal obesity exist between ethnic groups. Use of uniform classification cut-points for BMI, WHR and WC is associated with large variation in levels of risk factors for CVD or DM between ethnic groups. Existing action thresholds for the classification of general and abdominal obesity should be employed with caution in non-European groups. Improvement in diet and physical activity levels can slow the onset of DM; 36 however, more precise estimates of risk are required in order for clinicians to determine when to suggest lifestyle changes. Future research to examine whether ethnic variation exists in the relationship of simple anthropometric indices and clinical outcomes such as myocardial infarction or stroke is needed.
